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Ozone depletion has been a well-researched phenomenon since its discovery in the early 
1980s.  It is now scientifically accepted that if all other factors (cloudiness, turbidity, surface 
albedo, etc.) remain the same, decreases in stratospheric ozone concentrations provoke an 
increase in ultraviolet B (UVB) radiation (in the wavelength range 280-325 nm) at the Earth’s 
surface.  Experimental evidence also shows that exposure to UVB radiation can decrease algal 
productivity, and cause damage to various forms of aquatic larvae and other organisms.  
Biologically-effective levels of solar UV radiation penetrate water columns well, especially in the 
clear waters found in the Antarctic pack ice zone.  To determine the relationship (if any) between 
increased biologically-weighted UV doses and damage to various Antarctic organisms, scientists 
need to know the magnitude of these increases, not only at the surface but throughout the ice 
and the water column. 
This research initially produced surface maps of levels of cloudy-sky erythemal UV, derived from 
satellite data, for the East Antarctic marginal ice zone (split into four regions for ease of 
presentation) for the years 1996-2005.  Case studies of the relationships between levels of 
cloudy-sky erythemal UV (at the surface of the sea ice and ocean) and ozone, sea ice 
concentration and the cloud modification factor are presented by way of various analyses for a 
selection of sub-areas within the four regions.  These analyses show that the levels of erythemal 
UV in the sub-areas are strongly affected by levels of ozone and by sea ice concentration.  The 
results also indicate that the Shackleton and Amery regions are more affected by lower levels of 
ozone associated with the Antarctic ozone hole than the Mertz and Dalton regions.  Trend 
analyses for the nine-year study period indicated significant trends for erythemal UV, sea ice 
concentration and ozone for some of the selected sub-areas.  The austral spring of 2001 stood 
out as a period of unusually high erythemal UV values.    
To create maps of cloudy-sky erythemal UV radiation, the radiative transfer model UVSPEC was 
employed to develop a look-up table (LUT) of levels of erythemal UV radiation for various 
combinations of ozone, solar zenith angle and surface UV albedo.  IDL software was then 
written to estimate a value of clear-sky erythemal UV at the Earth’s surface, using the erythemal 
UV LUT, for each 5 x 5 km pixel of an Advanced Very High Resolution Radiometer (AVHRR) 
Polar Pathfinder image for each day that AVHRR irradiance and TOMS ozone data were 
available for the temporal coverage of the project.  The main confounding issue in the 
determination of erythemal UV radiation at the Earth’s surface is the cloud cover, as this can 
vary not just on a daily basis but also throughout a day.  The amount of cloud in a pixel was 
taken into account by multiplying clear-sky erythemal UV by a cloud modification factor based on 
the classification of AVHRR images using an expert system. 
A subsequent undertaking used the ASPeCt sea ice and snow thickness dataset to produce 





Field work completed during the SIPEX voyage to the East Antarctic sea ice zone in 2007 
allowed the estimation of UVB attenuation coefficients for ice and snow – these values were 
used, along with a known UVB attenuation coefficient for water, when determining sub-surface 
erythemal UV values.   
Initially, the erythemal UV values were calculated at 5, 10, 15 and 20 m in the water column.  To 
take into consideration the fact that phytoplankton do not necessarily remain at a specific depth, 
average erythemal UV values over the upper 5, 10, 15 and 20 m of the water column were also 
calculated.  Erythemal UV values at the top of the sea ice (beneath the snow cover), mid-way 
through the ice, at the bottom of the ice and at a fixed depth of 20 cm within the ice were 
calculated specifically for sea ice algae research.  The erythemal UV values at the bottom of the 
ice were used to further calculate erythemal UV in the water column at the re-established depths 
beneath the ice (taking into account the draft of the sea ice).  The sea ice concentration was 
incorporated into the calculations to determine pixel-averaged values of erythemal UV at 5, 10, 
15 and 20 m depth.   
A final step was to use spectral biological weighting functions to develop a set of non-linear 
conversions between erythemal UV dose rate and more biologically-relevant dose rates.  
Including these aspects in the model allowed the erythemal UV values in the water column to be 
converted to a phytoplankton-specific dose rate, and the estimated erythemal UV values within a 
slab of sea ice to be converted to a sea-ice-algae-specific dose rate. 
The logistical problems of undertaking in situ research in Antarctica require alternative methods 
such as satellite remote sensing and radiative transfer modelling.  This project has used satellite 
data and a radiative transfer model (RTM) to create maps of erythemal UV values for the study 
area.  Further research will be required to assess (either from in situ measurements of primary 
production or with the use of remote sensing of ocean colour) how significant the effects of 












The completion of this project would not have been possible but for the assistance, 
encouragement, support and ‘whip-cracking’ from/by many people.  This has been one of the 
most challenging endeavours that I have taken on during my life, and at times, when I have 
faltered and almost been tempted to ‘throw the towel in’, someone has been there to give me a 
nudge in the right direction again.  Now that I have completed the thesis, I feel deep gratitude to 
those who were there to encourage me to keep going, as I am now feeling a sense of great 
satisfaction for having completed it at the age of sixty.  Another part of me is extremely pleased 
to be able to contribute to ongoing research in the area of ozone depletion and UVB radiation as 
all the data from my project will be incorporated into the Australian Antarctic Data Centre’s 
database for use by other researchers in the field.  
Sincere thanks go to my primary supervisor, Dr. Kelvin Michael for the many, many hours he 
spent devising new ways to manipulate data files, explaining unfamiliar concepts, advising me 
on ways to surmount the odd problem that arose, all the reading and editing of drafts, and 
generally getting me over the finish line.  I am also indebted to him for his assistance in coding 
and training me in the intricacies of IDL.  I truly appreciate his support, patience and refreshing 
sense of humour.   
I am also grateful to my research supervisor, Dr. Rob Massom and co-supervisor, Dr. Jan Lieser 
for sharing their expertise and knowledge and dedicating so much time to reading and editing 
drafts.  Through all this, they were also extremely supportive, helpful and kept me laughing.  
Thanks must also go to the Graduate Research Coordinator, Dr. Julia Jabour for being so 
supportive in times of need.   
I will be forever thankful to Dr. Michael for the opportunity to undertake research in the East 
Antarctic sea ice zone, on the ARISE voyage in 2003 and the SIPEX voyage in 2007.  It was a 
wonderful experience, not just because of the spectacular scenery and the great camaraderie 
that develops during voyages, but sharing in everyone else’s research, networking with 
scientists from other countries, learning new skills and gaining knowledge were well worth the 
few moments of ‘mal de mer’ and slopped soup!  Many thanks to all those who participated in 
these two voyages; scientists, crew and especially the technical support staff onboard the RSV 
Aurora Australis who overcame a technical problem for our team. 
Back on campus, there are too many people who have helped and supported me throughout my 
candidature to name.  I have developed some lovely friendships with other students who have 
started, completed and gone during my candidature but will remain part of the positive PhD 
experience.  Janie and Rachael deserve a special mention because they became, and still 





Staff members have always been willing to share their expertise to make the PhD journey easier 
and thus more pleasant.  Ben Joseph is an outstanding example – he has the patience of Job 
and was never stumped when asked for a solution to an IT problem.  Thank you Ben and all the 
IT personnel who make ‘it’ all happen without any of us having to lift a finger. 
Finally, I would like to thank my husband, John for his unconditional love and support during this 
‘marathon’.  Likewise, for my children, Rhett and Alice, and their respective partners, Jacqui and 
Chris – thank you for your love and support and I am looking forward to being a more 
‘accessible’ mother and Nanny to Laila, Madeline, Jordan and Wesley.   
Sincere thanks are extended to Dr. Ted Scambos (US NSIDC, University of Colorado) for his 
excellent help in procuring the AVHRR Polar Pathfinder data that are central to this thesis; also 
to Dr Tony Worby (Australian Antarctic Division and ACE CRC) for supplying the ASPeCt data; 
and to Dr. Richard McKenzie (National Institute of Water and Atmospheric Research, Lauder) for 








Table of Contents: 
List of Figures:................................................................................................................................ xi 
List of Tables: ............................................................................................................................. xviii 
List of Acronyms and Abbreviations:............................................................................................. xx 
1. INTRODUCTION ........................................................................................... 1 
2. ANTARCTICA ............................................................................................... 5 
2.1 Southern Ocean ..............................................................................................................5 
2.2 Sea ice and snow ............................................................................................................6 
2.3 Biological processes in Antarctica ..................................................................................9 
2.3.1 Effects of increased UVB on organisms .................................................................. 11 
2.3.1.1 Phytoplankton .................................................................................................. 14 
2.3.1.2 Sea ice algae ................................................................................................... 17 
2.3.1.3 Antarctic Krill .................................................................................................... 18 
2.3.1.4 Other organisms ............................................................................................... 20 
2.3.2 Biological Weighting Functions ................................................................................ 23 
2.3.2.1 BWFs – Historical background ......................................................................... 23 
2.3.2.2 Research – UVR, PAR and BWFs ................................................................... 24 
2.3.3 Interactions between UVB radiation and other stressors ......................................... 26 
2.3.4 Consequences of decreased uptake of carbon ....................................................... 27 
3. FACTORS AFFECTING LEVELS OF UVB................................................. 29 
3.1 Ozone ........................................................................................................................... 29 
3.1.1 Techniques and records of atmospheric ozone measurements .............................. 32 
3.1.2 How ozone depletion happens ................................................................................. 35 
3.1.3 Other anthropogenically induced ozone depletion ................................................... 37 
3.1.4 Natural causes of variation in levels of ozone ......................................................... 38 
3.1.4.1 Solar radiation .................................................................................................. 40 
3.1.4.2 Volcanic eruptions ............................................................................................ 41 
3.1.4.3 Inter-annual temperature and dynamical changes .......................................... 42 
3.1.4.4 Quasi-biennial oscillation (QBO) ...................................................................... 43 
3.1.4.5 Downflux of NOx ............................................................................................... 43 
3.1.4.6 Solar Proton Events ......................................................................................... 44 
3.1.4.7 Other factors .................................................................................................... 45 
3.1.5 Montreal Protocol ..................................................................................................... 45 
3.1.6 Development of the ozone hole ............................................................................... 48 
3.1.7 Recovery from ozone depletion ............................................................................... 50 
3.1.8 The effects of climate change .................................................................................. 54 
3.2 Parameters used in modelling ultraviolet radiation ...................................................... 56 
3.2.1 Solar Zenith Angle .................................................................................................... 57 





3.2.3 Atmospheric Aerosols .............................................................................................. 57 
3.2.4 Surface Albedo ......................................................................................................... 60 
3.2.5 Cloud Amount .......................................................................................................... 62 
3.2.5.1 The effect of cloud on incoming radiation ........................................................ 63 
3.2.5.2 Cloud detection ................................................................................................ 64 
3.2.5.3 Quantifying the effect of clouds on levels of UV radiation ............................... 65 
3.2.5.4 Cloud Modification Factor ................................................................................ 66 
3.2.5.5 Problems associated with cloudiness in Antarctica ......................................... 67 
4. MODELLING OF RADIATIVE TRANSFER................................................. 69 
4.1 Background .................................................................................................................. 69 
4.2 Examples of Radiative Transfer Models ...................................................................... 72 
4.2.1 Lubin et al. (1998) .................................................................................................... 72 
4.2.2 Pubu and Li (2003) ................................................................................................... 72 
4.2.3 Sabziparvar et al. (1999) .......................................................................................... 73 
4.2.4 Herman et al. (1999) ................................................................................................ 73 
4.2.5 Verdebout (2000) ..................................................................................................... 73 
4.2.6 SIDES algorithm (2003) ........................................................................................... 74 
4.2.7 UVSPEC/libRadtran (1994) ..................................................................................... 74 
4.3 Modelling of UV radiation over inhomogeneous surfaces ........................................... 75 
5. DATA ........................................................................................................... 76 
5.1 Satellite data – general ................................................................................................ 76 
5.2 AVHRR irradiance data ................................................................................................ 77 
5.3 Ozone data ................................................................................................................... 80 
5.3.1 Errors and accuracy of TOMS ozone data............................................................... 82 
5.4 Sea ice data ................................................................................................................. 86 
5.5 Surface UV Data .......................................................................................................... 90 
6. SIPEX VOYAGE .......................................................................................... 92 
6.1 Penetration of UV through ice ...................................................................................... 92 
6.2 Penetration of UV through snow .................................................................................. 93 
6.3 Site description and data acquisition (SIPEX) ............................................................. 93 
6.4 Equipment .................................................................................................................... 94 
6.5 Data collection .............................................................................................................. 96 
6.6 Data analysis .............................................................................................................. 101 
6.7 Results ....................................................................................................................... 102 
7. METHODS ................................................................................................. 107 
7.1 Development of LUT of solar zenith angles ............................................................... 107 
7.2 The Radiative Transfer Model (UVSPEC) ................................................................. 108 
7.3 Development of LUT of values of erythemal UV ........................................................ 109 





7.4.1 Ozone data for each pixel ...................................................................................... 113 
7.4.2 Albedo of each pixel ............................................................................................... 113 
7.4.3 Determining daily clear-sky erythemal UV at the water/ice surface ...................... 117 
7.4.4 Choice of cloud algorithm....................................................................................... 118 
7.4.5 Estimating cloud-affected erythemal UV at the water/ice surface ......................... 121 
7.5 UV mapping requirements for Antarctic Biologists .................................................... 122 
7.6 Developing ‘maps’ of monthly averages .................................................................... 124 
8. RESULTS .................................................................................................. 127 
8.1 Daily maps of surface cloud-affected erythemal UV .................................................. 127 
8.2 Validation using in situ data ....................................................................................... 129 
8.2.1 Using station data .................................................................................................. 129 
8.2.2 Using underway ship data ...................................................................................... 137 
8.3 Maps of surface erythemal UV ................................................................................... 139 
8.3.1 Visual assessment of regional parameter maps .................................................... 139 
8.3.1.1 Amery and Shackleton ................................................................................... 139 
8.3.1.2 Dalton and Mertz ............................................................................................ 140 
8.3.2 Case study sub-areas ............................................................................................ 144 
8.3.2.1 Amery No. 1 ................................................................................................... 145 
8.3.2.2 Amery No. 3 ................................................................................................... 145 
8.3.2.3 Dalton No. 1 ................................................................................................... 145 
8.3.2.4 Dalton No. 4 ................................................................................................... 145 
8.3.2.5 Mertz No. 1 ..................................................................................................... 146 
8.3.2.6 Mertz No. 2 ..................................................................................................... 146 
8.3.2.7 Shackleton No. 4 ............................................................................................ 146 
8.3.3 Assessment of relationships between parameters ................................................ 147 
8.3.3.1 Amery and Shackleton ................................................................................... 147 
8.3.3.2 Dalton and Mertz ............................................................................................ 153 
8.3.3.3 Comparison of erythemal UV values for sub-areas ....................................... 154 
8.3.4 Case studies – discussion ..................................................................................... 155 
8.3.4.1 Assessment of plots of parameters 1996-2005 ............................................. 155 
8.3.4.2 Amery No. 1 ................................................................................................... 156 
8.3.4.3 Amery No. 3 ................................................................................................... 159 
8.3.4.4 Dalton No. 1 ................................................................................................... 161 
8.3.4.5 Dalton No. 4 ................................................................................................... 163 
8.3.4.6 Mertz No. 1 ..................................................................................................... 163 
8.3.4.7 Mertz No. 2 ..................................................................................................... 164 
8.3.4.8 Shackleton No. 4 ............................................................................................ 164 
8.3.5 Seasonal analysis .................................................................................................. 166 
8.3.6 Trend analysis ........................................................................................................ 170 
9. SUB-SURFACE MAPS ............................................................................. 177 
9.1 Estimating erythemal UV within sea ice and water column ....................................... 178 





9.1.2 Estimating erythemal UV throughout sea ice/snow ............................................... 183 
9.1.3 Erythemal UV in the water column beneath sea ice/snow ..................................... 190 
9.2 Biological dose rates .................................................................................................. 193 
9.2.1 Mathematical formulation of BWFs ........................................................................ 194 
9.2.2 Developing maps of biological dose rates ............................................................. 198 
9.2.3 Temporal variation of biological dose rates ........................................................... 203 
9.2.4 Summary of the results of mapping biological dose rates ..................................... 209 
10. CONCLUSION AND FUTURE RESEARCH ............................................. 211 
10.1 Conclusions ................................................................................................................ 211 
10.2 Future research .......................................................................................................... 215 
References: ........................................................................................................................... 220 
